In this paper, we first demonstrate how to realize quantum state transferring (QST) from one atom to another based on quantum Zeno dynamics. Then, the QST protocol is generalized to realize the quantum state swapping (QSS) between two arbitrary atoms with the help of a third one. Furthermore, we also consider the QSS within a quantum network. The influence of decoherence is analyzed by numerical calculation. The results demonstrate that the protocols are robust against cavity decay.
devoted to the field of QIT and much important progresses have been made [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . An important element of many QIP operations is the transfer of a quantum state from one to another qubit [21] , such as |0 A ⊗ (a|0 + b|1 ) B → (a|0 + b|1 ) A |0 B , where |a| 2 + |b| 2 = 1, A and B denote atom A and atom B, respectively. From this expression, we can notice that the problem about the quantum information transfer (QIT) can be reduced to the issue of quantum state transfer (QST) in some sense if the quantum information is encoded in the states of atoms. There are many methods that can implement the QST, such as making use of quantum teleportation original proposed by Bennett et al. [22] , which has been experimentally realized in optical and liquid-state nuclear magnetic resonance (NMR)
systems [23] [24] [25] . In addition, atomic systems in the context of cavity QED are suitable to act as qubits because moderate internal electronic states can coherently store information over very long time scale. In 2010, Yang [26] have proposed a way of implementing QST with two superconducting flux qubits by coupling them to a resonator. This proposal does not require adjustment of the level spacings or uniformity in the device parameters.
On the other hand, Facchi et al. [27] [28] [29] found the quantum Zeno dynamics which is a broader formulation of the quantum Zeno effect [30] , since the system will evolve away from its initial state and remains in the Zeno subspace determined by the measurement when frequently projected onto a multi-dimensional subspace and the quantum Zeno effect can be reformulated in terms of a continuous coupling to obtain the same effect without making use of von Neumann's projections and non-unitary dynamics. Until now, the new finding has enlightened numerous schemes to implement quantum computation and prepare quantum entanglement [31] [32] [33] [34] [35] [36] [37] [38] [39] .
In this paper, we will first demonstrate how to implement the QST based on quantum Zeno dynamics. Then, the QST protocol will be generalized to realize the quantum state swapping (QSS) between two arbitrary atom. Moreover, the QSS within in a quantum network will be also considered in present paper. The setup is composed of cavity QEDs, optical fibers, and Λ-type atoms, which make the scheme feasible with the current technology.
We will show that the protocols are robust against cavity decay and a relatively high fidelity can be obtained even in the presence of atomic spontaneous emission and optical fiber decay.
Before elaborating on our protocols, we first give an elementary introduction to the quantum Zeno dynamics induced by continuous coupling [40] . We assume that a system whose dynamical evolution governed by a generical Hamiltonian H K = H + KH c , where H is the Hamiltonian of the system to be investigated and H c can be regarded as an additional interaction Hamiltonian, which perform the "measurement". K is a coupling constant.
For the infinitely strong coupling limit K → ∞, the system is dominated by the limiting evolution operator U K (t) = lim K→∞ exp(−iKH c t)U(t), where U(t) = exp(−iH z t) [41] .
H z = n P n HP n is viewed as the Zeno Hamiltonian and P n is the eigenprojection of H c correspondence to the eigenvalue η n (H c = n η n P n , (η n = η m , for n = m)). Therefore, the limiting evolution operator of the system can be depicted as U K (t) ∼ exp(−iKH c t)U(t) = exp(−i n Kη n P n t + P n HP n t). Thus, we can derive the expression of the effective Hamiltonian of the system: H ef f = n (Kη n P n + P n HP n ), which is an important result to the following works that are based on.
II. THE QST FROM ATOM 2 TO ATOM 1
As depicted in Fig. 1 , we consider that two identical atoms (1, 2), which have one excited state |e and two ground states |0 and |1 with a Λ-type three-level configuration, are trapped in distant cavities (c 1 , c 2 ) connected by one optical fiber f , respectively. Suppose that the transition |e k ↔ |0 k (k =1,2) is resonantly coupled to the cavity mode with the coupling strength g k while the transition |e k ↔ |1 k is resonantly driven by a classical laser field with the Rabi frequency Ω k . Let L be the length of fiber, C be the speed of light, andν be the decay rate of the cavity fields into a continuum of fiber modes. The length L of the fiber means a quantization of the modes of the fiber with frequency spacing given by 2πC/L. Then we can have that the number of modes which would significantly interact with the cavities modes is of the order of n = Lν/2πC [42] . In the short fiber limit Lν/2πC [43] , which focuses on the case n ≤ 1, only one fiber mode is essentially excited and coupled to the cavity mode with coupling strength λ. Notice that such a regime applies in most realistic experimental situations: for instance, L ≤ 1 m andν ≃ 1 GHz (natural units are adopted with h = 1) are in the proper range. In the interaction picture, the Hamiltonian for the whole system can be written as (h = 1)
where a † k and a k are the creation and annihilation operators for the k th cavity mode and b † and b are the creation and annihilation operators for the fiber mode. We assumed g k = g ∈ R for simplicity.
If the initial state of the system is |0 1 |1 2 |0 c 2 |0 f |0 c 1 , it will evolve in a closed subspace spanned by {|φ 1 , |φ 2 , |φ 3 , |φ 4 , |φ 5 , |φ 6 , |φ 7 }, where
The subscripts 1, 2, c 1 , f and c 2 represent the atom 1, atom 2, cavity 1, optical fiber and cavity 2, respectively.
On the condition that Ω 1 , Ω 2 ≪ g, λ, the Hilbert subspace is split into five invariant Zeno subspaces [40, 41] :
where
corresponding to eigenvalues
with the projections
Therefore, the Hamiltonian of the current system is approximately governed by
As the initial state is |0 1 |1 2 |0 c 2 |0 f |0 c 1 , thus the effective Hamiltonian of system reduces to
On the other hand, it is easily checked that the evolution of initial state
As the initial state of the whole system is
where |a| 2 + |b| 2 = 1, it will evolve with respect to the effective Hamiltonian in Eq. (7). Set
For an interaction time t, the final state of the system becomes
By selecting the interaction time to satisfy
where the QST from atom 2 to atom 1 has been realized.
III. THE QSS BETWEEN ATOMS 2 AND 3 WITH THE HELP OF ATOM 1
Now, we will demonstrate that how to swap the quantum states between atom 2 and atom 3 with the help of the auxiliary atom 1, as shown in Fig. 2 . Assume that the initial arbitrary states of atom 2 and atom 3 are (a|0 +b|1 ) 2 and (c|0 +d|1
respectively. In addition, all the optical switches are closed in the initial time. During the swapping operations, we will introduce a auxiliary atom 1 with the initial state |0 .
A. The QST From Atom 2 To Atom 1
First, we turn on the optical switches 1 and 2 to let the optical fiber mediate the cavities 1 and 2. The initial state of the system is
A analogue analysis is utilized with the Eq. (2) -Eq. (8), then set Rabi frequency Ω 1 =
−Ω 2 = Ω ∈ R and an interaction time √
. We will realize the QST from atom 2 to atom 1. Next, we turn off the optical switches 1 and 2 to inhibit the interaction between atom 1 and atom 2. As a consequence, the quantum state of atom 1 becomes (a|0 + b|1 ) 1 while the final state of atom 2 becomes |0 2 .
B. The QST From Atom 3 To Atom 2
Then, we turn on the optical switches 2 and 3 to let the optical fiber mediate the cavities 2 and 3. The initial state of the system is |Φ
A analogue analysis is utilized with the Eq. (2) -Eq. (8), then set Rabi frequency Ω 2 = −Ω 3 = Ω ∈ R and an interaction time √
. We will realize the QST from atom 3 to atom 2. Next, we turn off the optical switches 2 and 3 to inhibit the interaction between atom 2 and atom 3. As a consequence, the quantum state of atom 2 becomes (c|0 + d|1 ) 2 while the final state of atom 3 becomes |0 3 .
C. The QST From Atom 1 To Atom 3
Finally, we turn on the optical switches 1 and 3 to let the optical fiber mediate the cavities 1 and 3. The initial state of the system is|Φ
analogue analysis is utilized with the Eq. (2) -Eq. (8), then set Rabi frequency Ω 3 = −Ω 1 = Ω ∈ R and an interaction time √
. We will realize the QST from atom 1 to atom 3.
Next, we turn off the optical switches 1 and 3 to inhibit the interaction between atom 1 and atom 3. As a consequence, the quantum state of atom 3 becomes (a|0 + b|1 ) 3 while the final state of the auxiliary atom 1 becomes |0 1 .
After above operations, we have realized the QSS between atom 2 and atom 3, which become (c|0 + d|1 ) 2 and (a|0 + b|1 ) 3 now, while the final state of auxiliary atom 1 remains
IV. THE QSS FOR TWO ARBITRARY ATOMS AMONG N ATOMS WITHIN THE QUANTUM NETWORK
From above analysis, we can find that the state of auxiliary atom 1 remains unchange after two other atoms 2 and 3 have realized the QSS. Thus, it provides a scalable way to realize the QSS for two arbitrary atoms among N atoms within the quantum network.
As shown in Fig. 3 , N atoms are trapped in N separate cavities, respectively. The N cavities are connected by the fibers and N optical switches within the quantum network.
Now we briefly demonstrate how to realize one QSS. For example, if we want to swap the arbitrary two atomic quantum state within the quantum network, for example, atom 4 and arbitrary atom N, the first step we must do is to turn off all the optical switches in quantum network. Next, we turn on the optical switches 1 and 4 to realize the QST from atom 4 to atom 1. Then we turn off the optical switch 1 and turn on the optical switch N to realize the QST from atom N to atom 4. Finally, we turn off the optical switch 4 and turn on the optical switch 1 to realize the QST from atom 1 to atom N. Until now, we have realize the QSS between atom 4 and atom N and turn off the optical switches 1 and N.
V. NUMERICAL ANALYSIS AND CONCLUSIONS
All the above results are based on the condition that
Thus we shall analyze the influence of the ratio Ω/g on the fidelity of QST. On the other hand, the ratio λ/g will also affect the fidelity of QST [43] . We depict the relation between the fidelity of QST and the ratio λ/g and Ω/g by numerical calculation in the FIG. 4 . Obviously, the smaller Ω we set, the better behavior we will get. However, small Ω implies that long operation times should be required. We can also see that the fidelity is above 96% even though the ratio λ/g = 0.1. Thus the large cavity-fiber coupling is not necessary needed in an experiment.
As we can see from the above analysis, the time evolution of the initial state |0 1 |0 2 |0 c 2 |0 f |0 c 1 will freeze during the operations. Thus it will transfer with 100%.
the only factor that will affect the fidelity of QST is the time evolution of the initial state
Therefore we will emphasize on discussion about the fidelity of QST in the presence of the decoherence induced by cavity decay, optical fiber decay, and atomic spontaneous emission while the initial state is |0 1 |1 2 |0 c 2 |0 f |0 c 1 as follows. When we consider about the decoherence, the master equation of motion for the density matrix of the whole system can be express aṡ
where Γ k em is the spontaneous emission rate of the kth atom from the excited state |e to the ground state |m (m = 0, 1). κ j is the decay rate of the jth cavity mode and κ f is the decay rate of the optical fiber mode between two cavities, such as the cavity 1 and cavity 2. For the sake of simplicity, we assume Γ k em = Γ/2 and κ j = κ. In Fig. 5 (Fig.  6) , we plot the relation of the fidelity F versus κ/g and Γ/g (κ f /λ) by solving the master equation numerically. One can find from Fig. 5 (Fig. 6 ) that with the increasing of cavity decay and atomic spontaneous emission (optical fiber decay), the fidelity F of the QST will decrease. In addition, the results indicate that the QST is robust against the decay of cavity, since for a large cavity decay κ/g = 0.1, Γ/g = 0 and κ f /λ = 0, the fidelity is still about 97.21%. Therefore it can be considered as a decoherence-free QST with respect to cavity decay. The dominant decoherence is the atomic spontaneous emission and the optical fiber decay due to the excited states and the state of fiber with one photon are included during the evolution. However, the effect of optical fiber decay is weaker than the effect of atomic spontaneous emission, which we can account for in this way that the population probability for one photon in fiber is nearly one-half of the population probability for excited atoms while g and λ are kept in the same magnitude.
Finally we bring forward the basic elements that may be candidates for the intended experiment. The requirements of our protocols are Λ-type three-level configuration atoms and resonant cavities connected by optical fibers. The atomic configuration involved in our proposal can be achieved with a cesium. The state |0 corresponds to F = 3, m = 2 hyperfine state of 6 2 S 1/2 electronic ground state, the state |1 corresponds to F = 4, m = 4 hyperfine state of 6 2 S 1/2 electronic ground state, and the excited state |e corresponds to F = 3, m = 3 hyperfine state of 6 2 P 1/2 electronic ground state, respectively. In recent experiments [44, 45] , it is achievable with the parameters λ = 2π × 750 MHz, Γ = 2π × 2.62
MHz, κ = 2π × 3.5 MHz in an optical cavity with the wavelength in the region 630 -850 nm. A near-perfect fiber-cavity coupling with an efficiency larger than 99.9% can be realized using fiber-taper coupling to high-Q silica microspheres [46] . The optical fiber decay at a 852 nm wavelength is about 2.2 dB/km [47] , which corresponds to the fiber decay rate 0.152
MHz, lower than the cavity decay rate. By substituting these typical parameters into Eq.
(10), we will obtain a high fidelity about 97.54%, which shows the QST in our protocols are relative robust against realistic one.
In summary, we have proposed a set of protocols for quantum state transferring and swapping based on quantum Zeno dynamics. The protocols are robust against cavity decay since it keeps in a closed subspace without exciting the cavity field during the whole system evolution. In addition, we have also discussed the influence of atomic spontaneous emission and optical fiber decay by a straightforward numerical calculation. The results demonstrate that a relatively high fidelity can be obtained even in the presence of atomic spontaneous emission and fiber decay. Therefore, we hope that it may be possible to realize it in this paper with the current experimental technology. 
